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Abstract 

We consider some consequences of describing the gauge and matter degrees of free¬ 
dom in our universe by open strings, as suggested by the braneworld scenario. We 
focus on the geometric effects described by the open string metric and investigate their 
observational implications. The causal structure of spacetime on the brane is altered; 
it is described not by the usual metric but instead by the open string metric, 
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that incorporates the electromagnetic background, — (27ra')^(F^)^iy. The 

speed of light is now slower when propagating along directions transverse to electro¬ 
magnetic helds or an NS-NS two form, so that Lorentz invariance is explicitly broken. 
A generalized equivalence principle guarantees that the propagation of all particles, 
not just photons, (with the exception of gravitons) is slower in these transverse direc¬ 
tions. We describe experiments designed to detect the predicted variations in the causal 
structure: interferometric laboratory based experiments, experiments exploiting astro- 
physical electromagnetic helds, and experiments that rely on modihcation to special 
relativity. We show that current technology cannot probe beyond open string lengths 
of 10“^^ cm, corresponding to MeV string scales. Should the experiments someday be 
able to observe these effects, one could use them to determine the string scale. We also 
point out that in a braneworld scenario, constraints on large scale electromagnetic helds 
together with a modest phenomenological bound on the NS-NS two-form naturally lead 
to a bound on the scale of canonical noncommutativity that is two orders of magnitude 
below the string length. By invoking theoretical constraints on the NS-NS two-form 
this bound can be improved to give an extremely strong bound on the noncommutative 

scale well below the Planck length, y'\9\max < 10“^® cm x • 
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1 Introduction 


Although string theory is a very promising theoretical framework for describing quantum 
gravity and the unification of particles and their interactions, it has so far been unsuccessful 
in making contact with our observable universe. The purpose of this paper is to look for 
observational signatures of string physics. In particular we have in mind the perspective of 
the recently proposed braneworld scenario [|^. In this scenario, our observable universe is 
a three-dimensional surface (3-brane) embedded in a higher dimensional curved spacetime. 
The brane degrees of freedom are described by open strings that end on the brane. Here the 
gauge and matter degrees of freedom of the standard model, all described by open strings 
10, live on the brane. Gravitons, which are closed string modes, propagate in the bulk. 
The smallness of gravitational interactions in our brane universe can be explained either 
by the size of compact extra dimensions or by the warping of the space transverse to the 
brane (effectively reducing the strength of gravitational interactions to the Planck scale on 
our observable brane 0). In the latter setup, it is possible to start out with a fundamental 
scale in higher dimensions, in our case the string scale, equal to a few TeV. In this paper we 
consider string scales in the range TeV to rupi = 10^® GeV. 

The fact that all matter and radiation in a braneworld universe are described by open 
string states leads to some interesting consequences. As pointed out long ago, the effective 
action for the massless modes of open strings in a slowly varying U{1) background is given 
by the Born-Infeld (BI) action|^. 

Causal Structure of Spacetime: The most important effect of open string states for the 
purposes of this paper is that the causal structure of our brane is altered; it is described not 
by the usual metric, but instead by the open string metric, 0 that incorporates the 
electromagnetic background, F. Hence the (3-|-l)-dimensional metric describing propagation 
in our universe (3-brane) is given by 

= g^y - {2'Ka'f{F^)^y , ( 1 ) 

where Greek indices /i = 0,1, 2, 3 describe our (3-1-1 )-dimensional spacetime. The anti¬ 
symmetric tensor = F^y — is constructed out of the electromagnetic field tensor on 
the brane F = dA and the NS-NS anti-symmetric 2-form gauge potential B^^ induced from 
the bulk. The parameter a' represents the squared string length which we take to be in the 
range 

10“^^ cm <ls = '/a' < 10“^^ cm. (2) 

^The generalisation of this action for U{N) gauge fields is not known in closed form. In string theory one 
is trying to make progress order by order, for the latest results see 0 and references therein. 


3 



Here the lower limit corresponds to a string scale at rripi while the upper limit corresponds 
to a TeV string scale. 

As we will show, the speed of light is now slower when propagating along directions 
transverse to electromagnetic helds. Assuming that the contribution^ vanishes, we hnd 
the following expression for the speed of light along directions at an angle 9 from the magnetic 
and/or electric held vectors {E\\B) 


c 


^vac 




1 - {2TTa'yE^ 

1 + (27ra')2(i?2 sin^ 9 — E‘^ cos^ 9) 


For the specihc case of 9 = 7r/2, the modihed speed of light is 


(3) 


c = Cv 


. - {2na'yE^ 
^ 1 + {2na'yB^ 


[l-2(aV)2(E2 + H2)]c., 


(4) 


where the E and B helds are at right angles to the propagating light, and the approximation 
is made in the limit of small a' E and a' B. 

Note that the component of light propagation parallel to the electromagnetic held is 
unahected; hence, we are explicitly breaking Lorentz invariance in an interesting way. As 
light emerges from a point source in the presence of strong electromagnetic helds, the surface 
dehned by the distance it has traveled in a given time (the horizon) is no longer a spherical 
shell, but rather has the shape of an ellipsoid (even after the light leaves the vicinity of the 
helds, it retains this ellipsoidal shape). 

We emphasize that the propagation of all particles (with the exception of gravitons) is 
slower in directions perpendicular to electromagnetic helds : It is the causal structure of 
spacetime on the brane that is modihed, and hence the behavior of all matter and radiation 
is altered. This ehect is a property of spacetime and not of photons. One way to visualize 
this ehect is shown in Figure 1: the lightcone is “pinched” in certain directions; he., the 
conventional 45 degree angle between the spatial and temporal axes becomes smaller. This 
pinching takes place in all directions other than parallel to the electromagnetic held. 

We describe several experiments designed to search for this ehect. In general, this ehect 
is suppressed because it is proportional to the string length to the fourth power, as can be 
seen in Eq.(^). We will show that current experiments are able to achieve sensitivity to a 
string length of 10“^^ cm, corresponding to a string scale of 100 MeV. Hence, many orders 
of magnitude of improvement in technology or entirely new methods would be required to 
observe anything interesting. We will discuss (i) interferometric laboratory based experi¬ 
ments, (ii) experiments exploiting astrophysical electromagnetic helds, and (hi) experiments 

^Not to be confused with the magnetic field vector B or magnitude in the rest of the paper. 
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Figure 1: The pinching of light cones in the presence of electromagnetic helds. The pinching 
occurs in all directions not parallel to the field. Here the fields are conhned to the (x-y) 
plane and point out of the page. 


that rely on modification to special relativity. Because strong EM fields modify the causal 
structure of spacetime, classical tests of relativity are altered; in particular, we examine the 
fractional change in the muon lifetime when immersed in a strong magnetic field. 

We also note that, although nonlinear quantum electrodynamics (QED) produces similar 
but much larger effects, they are in principal distinguishable from the geometric effects 
described here. First, nonlinear QED applies only to photons, whereas the effects described 
in this paper are a result of changes in spacetime itself; these spacetime effects apply equally 
to all particles (other than gravitons) and produce corrections, e.g. to special relativity, that 
cannot possibly be produced by QED. In addition, because these spacetime effects do not 
give rise to birefringence, whereas the nonlinear QED effects do, they could in principle be 
differentiated even in the case of photons. 

Gravitons: The only particles not slowed in the presence of electromagnetic fields are 
gravitons. Gravitons live in the bulk rather than on the brane and do not feel the previously 
described changes in causal structure. Hence their propagation time, e.g., from a supernova 
explosion with strong electromagnetic fields, will be faster than the propagation time of all 
other particles. As discussed below, one can hope to detect the time delay between the arrival 
times of neutrinos and gravitons from supernovae. Such delay effects were also considered by 
Chung and Kolb 0 in the context of Lorentz violations in braneworlds and by Csaki, Erlich, 
and Grojean in the similar context of asymmetrically warped spacetimes. Following a 
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somewhat different approach, Burgess et al. [^| have explored constraints on the graviton 
dispersion relations arising from Lorentz violations in the bulk and how such violations are 
ultimately transmitted to fermion and photon dispersion relations. 

p!0[| studied a different effect causing the effective speed of light to 
They proposed “shortcut metrics”, whereby geodesics traversing the extra 


Chung and Freese 
be modified 


dimensions can allow communication between points on the brane that are naively causally 
disconnected. They proposed these metrics as an alternative to inflationary scenarios 
as a solution to the horizon problem. Subsequent work on shortcut metrics includes 0, 

m 


13 , and [|T^ 


Shortcut metrics and electromagnetic fields share the feature of having 
propagation of signals via the bulk faster than signals remaining on the brane. However, 
shortcut metrics have the end effect of allowing light signals to appear to travel faster than 
usual (by traversing the bulk) while electromagnetic fields have the effect of slowing down 
light signals. 

Noncommutative Geometry: 

As emphasized by Seiberg and Witten |P] in the context of open string theory, an elec¬ 
tromagnetic background can be related to the noncommutativity of spacetime. 




(5) 


via 

= 2W {-2Tia'F^P{G-^Y^ , (6) 

where is the noncommutativity parameter and is given in Eq.(|ID. Astrophysical 
electromagnetic fields together theoretical constraints on the NS-NS 2-form can then be 
used to place extremely strong bounds on the parameter 9^'’'. The absence of cosmological 
electric fields of any significant amplitude makes any numerical bound on the timelike com¬ 
ponent so extremely tiny that we conclude it is essentially vanishing. From astrophysical 
magnetic fields B, we can present an explicit numerical bound on the scale of spacelike 
noncommutativity 9^K For magnetic backgrounds, we find 

\e\ = V2{2Tia'f\B\. (7) 


The typical size of intergalactic magnetic fields is roughly \B\iq < 10 ® Gauss, so that we 
find the following upper bound on the length scale of spacelike noncommutativity 


^\eUa. < 10 -^' 


stringscale 

TbV 


-4 

cm. 


( 8 ) 


This is an amazingly strong bound on the scale of noncommutativity. Even without invoking 
the theoretical constraint on the 2-form B^Y) but instead using a more modest phenomeno¬ 
logical bound on the scale of B^Y based on the absence of strong (anisotropic) effects on 
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the causal structure of spacetime, we still find that the scale of noncommutativity has to be 
below the string length. 

Outline: The organization of this paper is as follows; we begin by considering open 
strings ending on D-branes, concentrating on the U{1) part of the dynamics giving the 
Born-Infeld action for the massless modes of the strings. We next introduce the open string 
metric, briefly explain its relevance for hnding decoupled noncommutative held or string 
theories, and show exactly how the open string metric affects the causal structure on the 
brane. In the following section we describe experiments designed to detect the nonlinear 
effects predicted by the open string metric. Finally, we describe a strong bound on the 
magnitude of the noncommutativity parameter by using experimental data on large scale 
electromagnetic helds. We end with some conclusions. 


2 D-branes and the open string metric 


Our working assumption will be that our 4-dimensional universe is a (wrapped) D-brane em¬ 
bedded in a higher dimensional curved spacetim^ as suggested by the braneworld scenario. 
All degrees of freedom conhned to the D-brane, and therefore our universe, are described 
by open string states. For the present discussion we can limit ourselves to the subset of 
bosonic gauge degrees of freedom {i.e. photons), because everything we will conclude about 
the causal structure can be generalized to include all open string degrees of freedom. We 
refer to for a more complete discussion of strings in electromagnetic backgrounds. When 
the background helds vary slowly enough^ with respect to the string length 0, the massless 
bosonic modes of the string (photons) can be shown to obey equations of motion that can 
be deduced from the following effective Born-Infeld Lagrangian [ffl 


Cbi = T Y^-det + {2Tra')Ff ,^), (9) 

where T is the brane tension^ and is the induced metric on the brane, dehned by the bulk 
metric 'Jkl and the embedding scalars as = dfj,X^dyX^'-^KL- Here, Greek indices 
fi = 0,1,2,3 and Latin indices K = 0,1,2,3,... extend also over the extra dimensions. 
The anti-symmetric tensor is constructed out of the electromagnetic held 

tensor on the brane T = dA and the NS-NS anti-symmetric 2-form gauge potential 
induced from the bulk. This particular combination is the only one invariant under the 
string worldsheet gauge transformations in the presence of D-branes. 

^We will use a mostly plus convention for the 4-dimensional metric, i.e. we will use diag{gy,y) = 
(— 1 , -tl, -tl, -tl) . 

‘^i.e. the variation of the field, Ai^, over a distance Aa; satisfies ^ 1- 

®For D3-branes the tension can be written as T = a ’ 9s is the string coupling. 
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It will be important in later sections to distinguish between the pure electromagnetic 
contribution that can be probed or detected with charged open string states {e.g. electrons), 
and the NS-NS 2-form contribution to the BI action. Charged open string states correspond 
to strings stretching between two different branes i and j and couple electromagnetically 
to — JFh In the simplest case of two branes with two [/(l)’s on the two seperate brane 
worldvolumes, the relative difference JF* — corresponds to the U{1) electrodynamics that 
we are interested in, whereas the symmetry under shifts of the overall position of the D-brane 
system corresponds to the trivial decoupled U{1). Charged states cannot be used to measure 
the held, because they do not couple to it. Even though this is true, theoretically the 
field is not an independent or unconstrained held, because the equations of motion 
following from @ relate it to JF, implying that there can be no large Bj^^ independent of 
T. In fact, in realistic brane world models [Q] one typically introduces orientifold planes 
where the boundary condition at a plane sets the NS-NS 2-form B^^ to zeroQ This will 
be important to keep in mind in the following sections when we discuss the electromagnetic 
ehects on the causal structure or the noncommutativity parameter, because in principle there 
could be an independent contribution from the NS-NS 2-form B^^. 

To lowest order in a', the nonlinear BI Lagrangian can be expanded to give the standard 
Maxwell action. To see this we use the fact that the 4-dimensional determinant in the BI 
Lagrangian —det + {2TTa')F^^) = {—detg^i,) D can be written as follows 

D = det (5^ + (2W)F^) 

= fl-^(27ra')2TrF2 + ^(2W)^(TrF2)2-l(27ra')^TrF^) , (10) 

V 2 8 4 / 

where we used TrF^ = Ti F^ = and (anti-symmetric) matrix multi¬ 

plication in powers of F^^, so {F‘^)^y = F^pg^^F^u- Expanding the square root in (|^), using 
(0), we hnd 

Cbi = T ^-detgp, (^1 - h,2T^a'fTi F^ + 0(a'")) = T ^-det g^.F Cym + T 0{a '^). (11) 

It has long been recognized that the nonlinear BI theory has some remarkable properties 
Si- In particular, the propagation of fluctuations around an electromagnetic background 
solution has causal properties very different from its linear and classical Maxwell cousin. 
From an open string perspective these massless fluctuations are identihed with massless 
open string states propagating in a nontrivial background. The study of open string states 
propagating in a constant electromagnetic background has received a lot of attention due 

®We would like to thank Joseph Polchinski for very helpful discussions and correspondence on the dis¬ 
tinction and relation between the NS-NS 2-form and the electromagnetic T. 
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to its relation to noncommutative geometry that was unraveled by Seiberg and Witten [Q. 
In the presence of a nontrivial background the natural open string parameters are the open 
string metric, the open string coupling and an anti-symmetric tensor that can be interpreted 
as describing the noncommutativity of spacetime The open string metric 

and the noncommutativity tensor are respectively determined by the symmetric and anti¬ 
symmetric part of the propagator relevant for open string vertex operators. Without going 
into detail, we present expressions for these open string parameters [§] 


= 






9^^y 

-{2nar{F^),u, 

( 12 ) 

9s \ 

detg^u + {2'Ka')F^^ 
det gf,y 

( 13 ) 

2TTa 

' (-2na'F>^P{G-^Y^ . 

(14) 


or 


on the brane, de- 


When taking the zero slope (or point particle) limit a' —>■ 0 of the open string theory in the 
presence of a background electric or magnetic held, the crucial observation is that one should 
concentrate on the scaling of the open string parameters (|I]), (|T^ and (||) to see whether 
one obtains a nontrivial decoupled theory on the brane. Zero slope limits were constructed 
that gave rise to either noncommutative gauge theories (for magnetic backgrounds) 
noncommutative open string theories (for electric backgrounds) |^, 
coupled from the bulk gravitational theory. Throughout the rest of this paper we will be 
interested in the spacetime causal structure described by the open string metric (|I|) and the 
noncommutativity of spacetime as described by (^), rather than the open string coupling 
constant (^). 

The appropriate metric for all open string degrees of freedom on the D-brane, therefore, 
is rather than the induced metric The induced metric is the appropriate metric to 
describe the bulk helds (particles that are not conhned to the D-brane, e.g. gravitons) This 
fact can also be deduced by looking at the equations of motion following from (^ instead 
of considering the full open string theory. The Born-Infeld equations of motion can all be 
rewritten using the open string metric instead of the induced metric. Hence, by turning on 
electric or magnetic helds on the brane, we can change the causal structure, or equivalently, 
we can change the speed of light (c^ac)- We would however like to emphasize that the 
relevance of the open string metric is not limited to the BI action, but instead describes the 
causal properties of the full open string theory. 

From an experimental point of view, one might worry because nonlinear QED produces 
competing effects that are typically much larger than those produced in nonlinear BI theory. 
However, these two effects can be distinguished due to the fact that nonlinear BI effects 
have no polarization dependence and hence do not exhibit the birefringence (or bi-metricity. 
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e.g. [^) associated with nonlinear QED. Second, when we consider the effects due to the 
full open string metric, we obtain changes not only to the Lagrangian of electrodynamics 
but also changes in the causal structure of spacetime. The equivalence principle is at work 
in the case of the open string metric; all open string states, not just photons, are affected 
in the same manner. Hence, whereas nonlinear QED applies only to photon interactions, 
the geometric effects discussed below apply to all matter and radiation propagating on the 
brane. 

Let us take a more precise look at the causal structure described by the open string metric 
. The open string lightcone is defined as the set of 4-vectors satisfying = 0. 

On the other hand the usual lightcone is defined by the (null) vectors and the induced 
metric as = 0; from now on we will use the terminology “bulk” lightcone for 

the latter. The quantity 



= -{2T:a'f{F^)^,^WW > 0 (15) 

is always positive because the term < 0 for generic vectors W^. Eq.(|T^) 

implies that the vector is generically spacelike with respect to the open string metric 
G^y. One can also see that the open string lightcone touches the bulk lightcone along the 
two principal null directions of the electromagnetic held tensor F^y, which are dehned by 

^ {F^)^yW^^W'' = 0 . (16) 

In other words, in the two directions parallel to the electromagnetic held, the held F^y has 
no ehect, so that there is no diherence between g^y and G^y. The open string lightcone 
touches the bulk lightcone along the two principal null directions but otherwise lies within 
the bulk lightcone. 

Figure 1 is a plot of both lightcones, with respect to the metric gfj_y. The open lightcone 
is “pinched;” he., it lies inside the bulk lightcone, everywhere except along the two principal 
null directions, where the two lightcones touch. This pinching of the lightcone is a different 
result than one would get from a change in spacetime curvature; curved spacetime has light 
cones that are tilted rather than pinched. The open string metric therefore does not curve 
the spacetime with respect to the bulk metric; rather, it affects the local speed of light 
in all directions other than the special principal null directions. At the risk of repeating 
ourselves, it is important to emphasize that this result is not just restricted to the speed 
of photons, but pertains to all propagating open string states and it is in that sense that 
a generalized equivalence principle is at work here. The degree pinching of the lightcone 
depends on the size of the electromagnetic background, the string length, and the direction 
under consideration. 
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Let us now concentrate on the electromagnetic contribution to this effect and explicitly 
identify the electric and magnetic field backgrounds in the standard way (i, j G (1, 2, 3)) 

E, = Fo. , = (17) 

where is the (Euclidean) 3-dimensional anti-symmetric Levi-Cevita tensor with = 1. 
Assuming a flat induced metric, i.e. we obtain the following proper distance from 

the open string metric (i 


ds^ = Gfj^ydx^dx'' = 


1 - {2na'YE 


dE 


{2Tia'Y{E ■ dxY + {2Tia'Y{E x B) ■ dxdt 
1 -I- {27ra'YB‘^ dx^ — {2'Ka'Y{B ■ dxY . 


(18) 


For illustrational purposes let us simplify the situation further and assume that the E and B 
vectors are parallel (so ExB vanishes) and introduce 6 as the angle between the propagation 
direction dx and E\\B. We then End 


ds‘^ = 


1 - {2TTafE‘^ 

dY 

\ + {27ia'YB‘^ 

sin^ 9 — {27ra'YE‘^ cos^ 9 


(19) 


which clearly shows that the speed of light c^ac is only affected when propagating along 
directions in the plane orthogonal to the magnetic and electric field (0 = 7r/2), as explained 
before in more general terms. Along the magnetic and electric field, the principal null 
direction of E^^ {6 = 0), the speed of light is not affected. We are thus breaking Lorentz 
invariance in an unusual manner by turning on a magnetic or electric field. To summarize, 
we find the following expression for the speed of light along directions at an angle 9 from 
the magnetic and/or electric field vectors {E\\B) 


c 


c 


vac 




1 - (27ra')^^^ 

1 -|- {2Tra'Y{B^ sin^ 9 — E‘^ cos^ 9) 


( 20 ) 


As concluded before, this shows that the open string lightcone lies within the bulk, or closed 
string, lightcone. Thus the speed of light can only become smaller. If it would have been 
the other way around the speed of light would be unbounded from above (depending on 
the direction and the electromagnetic field), leading to problems with causality. It is also 
worth pointing out that in open string theory and BI theory there exists a maximal, critical. 
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electric field that is obtained as E approaches 2 ^- At this critical electric held, the speed 
of light vanishes. 

From the open string perspective there exists an intuitive way to understand these effects. 
The open string endpoints carry Chan-Paton factors, which are essentially charges with 
respect to the gauge helds on the brane. In the U{1) case with a non-trivial background the 
open string is like a dipole rod and therefore wants to line up with the held, which ahects 
its orientation and its ehective tension ehectively changing the causal structure in the way 
we just described. 

In the following sections we will estimate the generic magnitude of this ehect and describe 
possible experiments to detect it. We will try to make full use of the predicted equivalence 
principle and emphasize the open string nature of this ehect. 


3 Detecting changes in causal structure 

In this section, we explore experimental avenues for observing the changes in causal structure 
predicted by Eq. We hrst consider methods for inducing variations in the speed of light 
due to electromagnetic backgrounds, and investigate the feasibility of detecting such changes 
using available technology. If these ehects were observed, one could ehectively measure the 
string length. From Eq. ^ the modihed speed of light, c, in the presence of electric and 
magnetic helds transverse to the propagation direction. 


c = 



1 - {2na'yE^ 
1 + 


[1 - 2(aV)2(B= + S")]c„ 


( 21 ) 


where the helds E\\B are at right angles to the propagating light {9 = vr/2), and the approx¬ 
imation is made in the limit of small a'\ an optimistic, TeV scale string length would imply 
= 1.98 X 10“^^ cm. 

In the absence of any electromagnetic contributions, the ehect we are looking for could be 
due to a NS-NS two-form that except for noncommutative signatures that we will discuss 

later, would be undetectable. The absence of a large anisotropy in the causal structure, which 
would result in variations in the (local) speed of light in diherent directions, can therefore 
be used to constrain the NS-NS two-form . 


3.1 Laboratory experiments: Interferometers 

Do we have any hope of seeing a change in the speed of light in a laboratory experiment? De¬ 
tecting small variations in the speed of light is probably best approached with interferometric 
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methods. To this end, we examine an experiment involving an idealized interferometer. A 
laser is split into two beams; one beam travels in a vacuum, and the other travels in a region 
immersed in strong, transverse electric and magnetic helds. Because the light beam moving 
in the electromagnetic helds propagates slower, the two beams acquire a relative phase shift. 
When the light beams are recombined, their phase difference may be measured using inter¬ 
ferometric methods; roughly, the intensity of the recombined light beams is a measure of the 
relative phase difference. By modulating the electromagnetic helds in the interferometer, we 
induce a time dependent phase shift that would be essential to achieving a viable signal to 
noise ratio. 

To estimate the sensitivity required of such an interferometer, consider two light waves, 
"01 and V’ 2 ; with the former propagating in vacuo, and the latter traveling in transverse 
electromagnetic helds. 


^jJl = A sm{27i ft — kix) ( 22 ) 

'1^2 = Asin(27r/t — k 2 x) 

where / is the common frequency of the waves, ki = 27r//cvac and ^2 = 27r//c. After each 
of the light waves has traveled a distance L, the relative phase diherence accumulated is. 


A0 = ^2^ — kiL = 


27iL 1 + {27ra'yB^ 
[\ 1 - {2Tia'yE^ 


Anijia'YL 




(23) 


where Avac is the vacuum wavelength of the light, and the ratio c/cvac has been determined 
by Eq. (|^) . To assess the feasibility of this technique, we estimate the expected phase shift 
under favorable experimental circumstances. 

To achieve the largest change in phase, we want to employ the largest available electric 
and magnetic helds. As large electric helds are easier to modulate than large magnetic 
helds, they are preferred. High electric helds on the scale of 10® V/m can be produced, 
but such helds pose a number of technical challenges. The ionization of residual gas in the 
vacuum and the electric “puncture” of the dielectric material encasing the vacuum limit 
the practical size of the held. In the context of this experiment, electric held strengths on 
the order of 10® V/m should be achievable. The largest DC magnetic helds available for 
controlled terrestrial experiments are on the order of 45 Tesla |^. Pulsed electromagnets 


can provide helds somewhat higher {e.g. 70 Tesla) but would be unsuitable for use in sensitive 
interferometric experiments. 

The relative phase shift is also proportional to the total path length of the two beams. 
The further the beams propagate, the more time they have to accumulate phase diherence. 
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In principle, the interferometer could be several kilometers in length {e.g. LIGO, ||39|| ), 
but sustaining high electromagnetic helds on such scales would be challenging, to say the 
least. Alternatively, an array of coupled, high-hnesse Fabry-Perot interferometers arranged 
in a compact geometry could allow for an effective path length as high as 10^ cm. In this 
scenario, a laser is split, and the resulting beams are sent into separate Fabry-Perot cavities, 
one of which is isolated from EM helds, and one of which is exposed to high EM helds. 
In the Fabry-Perot cavities, the beams undergo multiple rehections (~ 10®, for extremely 
high hnesse cavities). This process can be repeated many times, ehectively yielding a large 
path length for the beams. Because this path length is compressed into a small region, the 
problem of producing large EM helds is made relatively easier. 

With these considerations, and assuming a TeV scale string length, a/^ = 1.98 x 10“^^ 
cm, the most auspicious phase shift is. 


A0 = 2 X 10 ^® rad x 


a 


3.9 X 10“^"^ cm^ 


X 


A. 


-1 


1.0 X 10® cm/ yiO”"^ cm^ 

2 , r. . 2' 


(24) 


E 


+ 




1.4xl0i0V/m; V45 T 


Optical phase detection is currently achievable at the 10“^® rad level [^; phase sensing 
in this regime is quantum limited by the statistics of photon detection and limitations in 
beam intensity. Although detection sensitivity can be improved by increasing the intensity 
of the laser, distortion of the optics due to thermal heating places a practical limit on 
beam power. Methods are being developed to cope with these problems, but even if future 
techniques improve this limit by a few orders of magnitude, we still fall at least 12 orders 
of magnitude short of detecting this effect. A photon-based experiment using ring lasers 
has been proposed by Denisov in the context of classical BI theory, but is comparable to 
the above interferometric experiment in its sensitivity [^. Even more problematic is the 
fact that when we restrict ourselves to photons the effect will be entirely swamped by QED 
interactions that produce a similar effect (but with bi-refringence) at the much lower scale of 
the electron mass [^]. In fact, a proposal to measure the nonlinear QED effect in the near 
future has appeared recently |^. This unwanted competition can be avoided by considering 
neutral (nearly) massless particles different from photons. Of course, such particles are 
typically more difficult to produce and control than photons. 

Given current limitations in achievable EM held strength and detector sensitivity, inter¬ 
ferometric and ring laser experiments could detect nonlinear electromagnetic effects only if 
the string length was of order ~ 10“^® cm, corresponding to an MeV string scale. Hence, 
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experiments using earth-bound EM fields to detect variations in the speed of light for string 
scales above TeV currently seem unfeasible. 


3.2 Astrophysical bounds 

To help save the situation, we can look for larger electromagnetic fields, possibly in astro- 
physical and cosmological contexts. Extremely intense magnetic fields are found near highly 
magnetized pulsars, known as magnetars; magnetars can exhibit fields exceeding 10® Tesla. 
Although this would increase the observed phase shift by some 16 orders of magnitude over 
that predicted in Eg. (p^) , it is not clear how one could exploit these large (but remote) fields 
to make sensitive phase measurements. Similarly large electric fields exist near such objects, 
but present the same experimental challenges. 

Alternatively, one could try to make use of the fact that gravitational fluctuations are 
unaffected by the open string metric; instead, their propagation is governed by the usual 
closed string metric because it is a bulk closed string excitation. Hence, for an astrophysical 
event (such as a supernova or a neutron star inspiral) that releases copious amounts of 
gravitational radiation and neutrinos, there may be a measurable time delay between the 
observed arrival of the gravitational radiation and the neutrinos. Situations where gravitons 
travel with a speed different than the speed of light on the brane have also been studied in 
the context of asymmetrically warped spacetimes |0. In the present case, the delay could 
be a result of the intense electromagnetic fields associated with the astrophysical event itself, 
or a result of the intervening galactic magnetic fields between the event and the earth. To 
see if this effect would be measurable, we note that for an event occurring a distance L from 
the earth, the expected time delay is on the order of. 


At = L 


ic 


2{'Ka'fB'^L 


(25) 


Galactic magnetic fields, coherent on 1 — 2 kpc scales, exist but are typically very weak, 
~ IQ-io Tesla. For an event a distance L = 10 Mpc from the earth, and assuming the 
intervening galactic magnetic fields were optimally oriented, the expected time difference is 


At ^ 10 


-43 , 


(26) 


If one considers the 100 Gauss magnetic field that may surround supernovae to distances of 
10^® cm, the delay is somewhat improved. In such a situation, the delay is now. 


At ^ 10 


-24 , 


(27) 
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In either case, the time difference falls ridiculously short of detectability. With foreseeable 
LIGO technology, a delay of at least several seconds, and more probably several days would 
be required to reliably observe such an effect. There may be other processes better suited to 
inducing a delay, but present astrophysical conditions do not seem to provide a satisfactory 
environment for studying variable speed of light effects. 


3.3 Special relativistic effects: Lifetime of the muon 

Experiments that do no rely explicitly on measuring variations in the speed of light are also 
possible. Changing the speed of light would impact the classical tests of special relativity 
by changing the usual relativistic 7 factor. For example, the lifetime of a muon moving in a 
strong EM field would be slightly longer than that of a muon traveling at the same speed in 
a vacuum. The expected fractional change in the muon lifetime can be estimated. 


Ar _ ro 7 - rpy 
r ro7 



2v^ 


4ac(l - vycU 


{7ra'y[E^ + B^] 


(28) 


where tq is the lifetime of the muon in its rest frame, v is the speed of the muon, and where 
Eq.(^ was used in the last step. For a 2 GeV muon, with the same optimistic estimates of 
string length and EM field strength made in Eq.(^), Eq.(^) predicts a fractional change in 
lifetime of. 


-= 1.4 X 10"^^ (29) 

T 

Precision experiments can measure the muon lifetime only to 1 part in 10®; hence, tests 
exploiting relativistic phenomena in this manner also do not appear to be practical. 

3.4 Constraining contributions 

We have focused on electromagnetic contributions that change the causal structure of space- 
time. In principle, however, there could also be an independent contribution from the NS-NS 
2 -form A large, constant, NS-NS would distort the causal structure of spacetime, 
inducing an observable anisotropy in the speed of light. Thus, to the extent that the speed 
of light is observed to be isotropic, we can constrain the magnitude of a possible NS-NS B^^ 
contribution. 

A uniform B^^ would single out a preferred direction in the universe along which light 
would propagate at Cvac- Light propagating perpendicular to this preferred direction would 
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move more slowly. The difference in the observed speeds may be estimated using equation 


Ac = (Cvac -C) ^ Cvac “ Cvac[l “ 2 (vTa')^ | 


SO that, 


Cvar 


(30) 


(31) 


Modern Michelson-Morley type experiments have constrained the speed of light to be isotropic 
to within Ac = 0.9 m/s ~ 3 x 10“® Cvac pll- This in turn constrains the maximum scale of 


{2na') \B^^\ < 8 x 10 


-5 


(32) 


That is, the NS-NS 2-form must be many orders of magnitude smaller than the inverse 
squared string length. 


4 Noncommutativity in a braneworld 

So far we have emphasized the effect that electromagnetic backgrounds have on the causal 
structure of spacetime, based on the assumption that our universe is a collection of branes 
with the open strings ending on the branes describing all the Standard Model matter and 
gauge degrees of freedom. Under the same assumption it is natural to relate an electro¬ 
magnetic background to a noncommutativity parameter, through the relation (^. There 
has been a lot of activity recently in identifying and constraining noncommutative physics 
3^, (for a more complete list of references we refer the reader to the review ||26|| ). 


Low energy effects, based on the noncommutative breaking of Lorentz invariance, provide 
a very strong bound at the 10^^ GeV level, or < 10“^® cm 


On a more theoreti¬ 
cal note it seems that evaluating loop integrals without a momentum space cutoff, due to 
dangerous UV/IR mixing, gives rise to severe problems in noncommutative theories which 
can be used to exclude these noncommutative theories altogether |Q. Introducing a mo¬ 


mentum space cutoff softens these problems, but strong bounds can still be constructed that 
constrain the length scale of noncommutativity to be a lot smaller than the cutoff length 
H- What all these approaches have in common is that they treat the noncommutativity 


parameter as an independent, free variable and constrain its magnitude through the high 
and low energy (quantum) effects of noncommutativity. As we will discuss, however, from a 
stringy braneworld perspective it is more natural to treat the noncommutativity tensor as 


17 






























a dependent parameter which will allow us to put a strong (classical) bound on the scale of 
noncommut at i vity. 

As was explained in [Q, the effective low energy physics of open string theory in an 
electromagnetic^ or NS-NS 2-form background can be described either by commutative, 
ordinary, gauge helds or by noncommutative gauge helds, depending on how you regularize 
the gauge held interactions on the open string worldsheet. Similar conclusions hold when 
one considers charged open string with their ends ending on different branes |^. In the 
commutative description one keeps the nontrivial Lorentz violating electromagnetic or NS-NS 
background that one started with as part of the low energy effective theory, whereas in the 
noncommutative description the background is replaced by a noncommutativity tensor that 
similarly breaks the Lorentz symmetry. The precise recipe for replacing an electromagnetic 
or NS-NS background by a noncommutativity tensor is given by Eq.(^. 

We will assume that this correspondence continues to hold in more complicated open 
string brane models that are able to reproduce the Standard Model at low energy |Q]. Under 
that assumption we conclude that when a nontrivial electromagnetic or NS-NS background 
is present one should be able to reformulate the low energy physics in terms of a noncom¬ 
mutativity tensor and the corresponding noncommutative gauge helds, with the relation 
between the electromagnetic background and the noncommutativity tensor given by (^. So 
in this context any such background can be replaced with a noncommutativity tensor and 
vice versa; they are not independent observables. It is important to realize that this cor¬ 
respondence relies crucially on the existence of an underlying (open) string theory, i.e. it 
involves higher order string length corrections. One way to see this is by looking at the rela¬ 
tion between electromagnetic or NS-NS backgrounds and the noncommutativity parameter 
(^) and observing that it degenerates in the zero-slope limit ol 0 . 

Let us investigate the relation (^ more precisely. We will be interested in the explicit 
dependence of the noncommutativity parameter on the held which is not 

immediately obvious because of the presence of the inverse open string metric G~^, dehned 
through = 6'^. Using some properties of 4-dimensional anti-symmetric tensors 

one can show that the inverse open string metric equals 


(^-i)M^ = , (33) 

^What we will mean with an electromagnetic background is something that can be detected and distin¬ 
guished from the NS-NS 2-form by the use of charged open string states. In the absence of any charged 
particles to measure electromagnetic fields, a NS-NS 2-form and electromagnetic background are completely 
equivalent. 
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( 34 ) 


where D is given by (0 and we have introduced Dq dehned as 

Do = l-^{27iaTTrF\ 

To continue it will be useful to concentrate on the magnitude of the noncommutativity 
parameter and typically one would therefore calculate the scalar invariant Tr0^ = . 

However, from the brane perspective it makes more sense to calculate the scalar invariant 
with respect to the open string metric instead of the bulk, closed string metric. Although the 
difference for small helds is higher order in the helds and therefore negligible, for large helds 
it makes an important difference. We will instead dehne and calculate Trc^'^ = , 

where the subscript G implies that traces are taken with respect to the open string metric 
on the brane. In fact this calculation is easy because the inverse open string metric appears 
in the dehnition of 6^'^ (^. We hnd the following result 

Trc^^ = (2W)^TrF2. (35) 


Dehning the magnitude of the noncommutativity parameter as l^l = d‘^\ we can write 


1^1 


(27rQ!') 


= (2TO')VTrF2_ 


(36) 


We see that the magnitude of the noncommutativity parameter is not bounded in principle, 
but it is clear that extremely large helds ((27ra;')vTrF^ > 1) are required to get noncommu¬ 
tativity scales larger than the string length. It is exactly this large held limit that Seiberg 
and Witten discuss in their paper P] to obtain decoupled noncommutative held theories. In 
this limit it is crucial to consider traces with respect to the open string metric, because the 
ehects on the open string causal structure (|^) will now be very important^ 

We will use the relation (^61) to determine a strong bound on the scale of noncommu¬ 
tativity. In principle, there are two independent contributions to the noncommutativity 
parameter. However, as alluded to earlier, there are theoretical reasons to think that either 
the NS-NS 2-form contribution is zero because of the presence of orientifold planes, or the 
NS-NS 2-form contribution is similar in magnitude to the electromagnetic component via 
the HI equations of motion. In that case, one is forced to argue that the electromagnetic 
contribution is either larger than or comparable to the component. We can then use 
bounds on the size of large scale, cosmological, electromagnetic helds to construct a very 
strong bound on the noncommutativity parameter. Indeed, cosmological electric helds are 


®It can be shown that from the perspective of the bulk metric the size of the noncommutativity parameter 
never exceeds the string length. 
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essentially absent to incredible precision and this will make any numerical bound on the 
timelike noncommutative component so extremely tiny that we conclude it has to be van¬ 
ishing. Because magnetic held magnitudes are relatively well known on large scales, we can 
present an explicit numerical bound on the scale of spacelike noncommutativity. We hnd 


from (1^) 


1^1 


{27ra') 


= V2(2wa') \B\ 


(37) 


To obtain a conservative bound on an average noncommutative parameter, we use the typical 
size of intergalactic magnetic helds, which is roughly \B\ig < 10“® Gauss; in natural units 
this number corresponds to 10“^ cm“^. The average magnetic held in the universe is probably 
much smaller than this number so that this estimate is conservative. As before, we take the 
TeV length scale of about 10“^^ cm as the largest possible string scale. Then we hnd the 
following upper bound on the length scale of spacelike noncommutativity 


\0l 


< 10 


-35 


cm X 


TeV 


(string scale^ 


(38) 


Assuming a minimum string scale of around a TeV, this bound can also be written as 


l^lr 


< 10 ’ 


(39) 


This is an rather straightforward and very strong bound on the scale of noncommutativity. 
Even though there is some room to play with the numbers, it is clear that the average scale of 
noncommutativity in a braneworld universe can only be extremely small, if one assumes the 
theoretical constraints on the NS-NS 2-form as discussed previously. This bound then 
implies that the length scale of noncommutativity will always be many orders of magnitude 
below the Planck length. Turning things around, any sizeable scale of noncommutativity 
bigger than the string length would lead to huge electromagnetic backgrounds that would 
have been detected already. 

If one does not assume any theoretical constraints on the NS-NS 2-form, one could 
imagine, as is typically done, that there exists a large uniform B^^f background, which 
would only be detectable through its noncommutative and its pinched lightcone effects on 
the braneworld geometry. To obtain a noncommutative parameter comparable to the string 
scale it is clear from (|36D that one needs very large held contributions that would leave a clear 
imprint on the causal structure of spacetime that would most likely, due to its anisotropic 
nature, have been detected already. As explained in section 3.4 one can therefore put a 
phenomenological bound on the NS-NS 2-form based on local causal structure constraints 
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(^). Because of (^) even this rather modest bound on the NS-NS 2-form will ensure that 
the noncommutativity parameter does not exceed the string length. To be precise we obtain 
from (|32|) and (^) the purely phenomenological bound 


I^Iphen 


< 10 


-2 


(40) 


Hence we conclude that in the context of braneworld scenarios, one should concentrate on 
trying to hnd stringy rather than noncommutative experimental signatures. 

Relating the noncommutativity parameter to background helds makes it clear that the 
noncommutative parameter can and typically will be spacetime dependent. Even if one 
assumes that the contribution should be considered as a uniform vacuum expecta¬ 
tion value (VEV), the electromagnetic background certainly varies in spacetime. Indeed, it 
seems natural to expect that the NS-NS 2-form will generate a mass term, ensuring that 


the vacuum expectation value of the NS-NS gauge potential vanishes 


or is related to 


the electromagnetic background by the equations of motion, and any nonzero noncommu¬ 
tativity parameter is predominantly a result of nonvanishing electromagnetic backgrounds. 
The noncommutativity parameter is thus typically a local, spacetime varying object and 
not a universal, fundamental parameter. Many of the bounds from the previous literature 
implicitly relate the noncommutativity parameter to a uniform NS-NS two-form VEV and 
therefore allow for the interpretation as a bound on a fundamental quantity. It seems more 
natural to assume that the noncommutativity parameter is dehned only locally and can vary 
in space and time; thus, experimental bounds should be interpreted with this in mind. For 
example, if the bound relies on measurements on the earth, then it is possible that the helds, 
either or or both, are much larger elsewhere in the universe. Hence, the bounds 
do not constrain any fundamental quantity, but rather only its value locally wherever the 
experiment was made. Such measurements then become similar to constraining the mag¬ 
netic held in a particular room, which doesn’t teach us much about the universe. From 
that perspective, when we bound the noncommutativity parameter by using measurements 
of average, large scale magnetic helds we constrained only the average large scale size of 
this parameter in a braneworld universe; locally our bounds do not have to be satished. 
Note, however, that even the largest electromagnetic helds in our universe will not lead to 
noncommutativity parameters larger than the string length. On the other hand, when we 
invoked the phenomenological bound on the two-form B^^ and interpreted it as a uniform 
VEV, we must expect this bound to apply even locally instead of on average. Combining 
these results it seems safe to conclude that the local noncommutativity parameter is already 
constrained to be smaller than the string length, and on theoretical grounds is expected to 
be many orders of magnitude below that in a realistic braneworld scenario. 
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5 Conclusions 


In an attempt to find observational evidence for the existence of open strings we have con¬ 
centrated on the distinct geometric effects of open strings in braneworld scenarios. We 
conclnde that a controlled experiment capable of measuring the string length is not within 
reach any time soon. We believe, however, that the universal nature of the geometric effects 
that we have described may still allow for a clever, as yet unknown, experimental procedure 
with adequate accuracy. Considerations of open strings in background helds have signihcant 
overlap with investigations into Lorentz violating operators, nonlinear electrodynamics and 
noncommutative physics, and in some sense unihes these investigations. 

By considering the open string causal structure we were able to present a purely phe¬ 
nomenological bound on the size of the NS-NS two-form . Although the bound is not 

very strong it can be used to show that the noncommutativity parameter cannot exceed 
the string length. We think this is a simple, classical, but nevertheless compelling result in 
line with other investigations into the scale of noncommutative physics. Invoking theoretical 
motivations to relate the two-form to the electromagnetic background on the brane, or 
setting it to zero by assuming either the presence of orientifolds or the appearance of a mass 
term, noncommutativity in a realistic braneworld can effectively be ruled out; he., it must 
be orders of magnitude below the string length. 

Of course, the conclusions of this work depend upon the assumption that we live in 
a particular braneworld scenario, or more precisely that all matter and gauge degrees of 
freedom in our universe are described by open strings. This might not be the case. One could 
speculate that similar geometric effects could occur for closed strings in nontrivial curved 
gravitational, or other closed string, backgrounds due to classical string length corrections. 
The importance of trying to hnd accessible experimental signatures that would reveal the 
stringy nature of the constituents of our universe, open or closed, can hardly be overstated. 
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